MH. Osteocyte-derived insulin-like growth factor I is essential for determining bone mechanosensitivity. Am J Physiol Endocrinol Metab 305: E271-E281, 2013. First published May 28, 2013; doi:10.1152/ajpendo.00092.2013.-This study sought to determine whether deficient Igf1 expression in osteocytes would affect loading-induced osteogenic response. Tibias of osteocyte Igf1 conditional knockout (KO) mice (generated by crossbreeding Igf1 floxed mice with Dmp1-Cre transgenic mice) and wild-type (WT) littermates were subjected to four-point bending for 2 wk. Microcomputed tomography confirmed that the size of tibias of conditional mutants was smaller. Loading with an equivalent loading strain increased periosteal woven bone and endosteal lamellar bone formation in WT mice but not in conditional KO mice. Consistent with the lack of an osteogenic response, the loading failed to upregulate expression of early mechanoresponsive genes (Igf1, Cox-2, c-fos) or osteogenic genes (Cbfa-1, and osteocalcin) in conditional KO bones. The lack of osteogenic response was not due to reduced osteocyte density or insufficient loading strain. Deficient osteocyte Igf1 expression reduced the loading-induced upregulation of expression of canonical Wnt signaling genes (Wnt10b, Lrp5, Dkk1, sFrp2). The loading also reduced (by 40%) Sost expression in WT mice, but the loading not only did not reduce but upregulated (ϳ1.5-fold) Sost expression in conditional KO mice. Conditional disruption of Igf1 in osteocytes also abolished the loading-induced increase in the bone ␤-catenin protein level. These findings suggest an impaired response in the loading-induced upregulation of the Wnt signaling in conditional KO mice. In summary, conditional disruption of Igf1 in osteocytes abolished the loading-induced activation of the Wnt signaling and the corresponding osteogenic response. In conclusion, osteocytederived IGF-I plays a key determining role in bone mechanosensitivity.
spike-like calcium influx, and released more signal molecules, such as nitric oxide (NO) and prostaglandin E 2 (PGE 2 ), than osteoblast-like cells (27, 28, 36) . In addition, conditional disruption of several key genes in osteocytes each resulted in a drastic decrease in the responsiveness of the bone to mechanical loading (14, 59, 66, 67) . It is believed that osteocytes, which have an extensive network of cellular filapodia processes that connect and communicate with osteoblasts and osteoclasts, would sense and translate into biochemical signals and then transmit them to osteoblasts and osteoclasts on the bone surface to regulate bone formation and resorption, respectively, in response to mechanical stimulation (18, 19) . The cellular filapodia processes of osteocytes form gap junctions and hemichannels with osteoblasts and thereby allow the rapid intercellular transfer of soluble signaling molecules to the neighboring cells to initiate mechanotransduction.
Although recent studies in osteocyte conditional knockout (KO) mice have implicated the involvement of several osteocytic proteins, including the cilial proteins, kinesin family member 3A (Kif3A) (59) , and polycystin-1 (Pkd1) (66) , the signaling transduction regulator Stat3 (67) , and the gap junction protein connexin 43 (14) , the molecular mechanism by which osteocytes regulate mechanotransduction remains poorly understood. We are particularly interested in the potential role of osteocyte-derived insulin-like growth factor I (IGF-I) for the following reasons. First, osteocytes express substantial amounts of IGF-I (39) , and upregulation of IGF-I expression in bone cells is one of the early responses to mechanical loading (23, 39) . Several studies revealed that mechanical loading in bone upregulates IGF-I expression exclusively in osteocytes (23, 32, 33, 48) . Second, IGF-I is one of the most abundant bone growth factors that promote bone formation (42, 64) . Third, administration of IGF-I stimulated bone formation in the loaded but not the unloaded (disuse) bone (52, 53) . Fourth, a recent study reports that conditional disruption of Igf1 in type I collagen-expressing mature osteoblasts led to drastic lost of the bone formation response to mechanical loading (25) . Because osteocytes are descendants of mature osteoblasts, it follows that disruption of Igf1 in mature osteoblasts would also result in disruption of Igf1 in osteocytes. Finally, our recent characterization of the osteocyte Igf1 conditional KO mice indicates that osteocyte-derived IGF-I plays an important role in periosteal bone expansion (55) , which may in part be regulated by mechanical stimuli.
The objectives of the present study were twofold. First, we evaluated the consequence of conditional disruption of Igf1 in osteocytes on the osteogenic response to mechanical loading. The osteocyte Igf1 conditional KO mice were generated by cross-breeding Igf1 floxed mice with Cre transgenic mice, driven by a 9.6-kb Dmp1 promoter as previously described (55) . Second, we sought to investigate the potential mechanotransduction involved in osteocyte-derived IGF-I-mediated bone formation in response to mechanical loading. Because there is compelling evidence that canonical Wnt signaling plays a critical role in mechanotransduction (49, 50, 60) , this investigation has focused on the potential regulatory role of osteocyte-derived IGF-I on Wnt signaling in response to mechanical loading.
MATERIALS AND METHODS
Animals. The breeding scheme for generating osteocyte Igf1 conditional KO mice, which were created by cross-breeding Dmp1-Cre transgenic mice with Igf1 flox/flox mice, has been described previously (55) . All mice had free access to tap water and were fed ad libitum irradiated rodent diet containing 6% fat (Harlan, Madison, WI). All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Loma Linda University and by the Animal Care and Use Review Office (ACURO) of the United States Department of the Army. In conducting research using animals, the investigators adhered to the Animal Welfare Act Regulations and other Federal statutes relating to animals and experiments involving animals and the principles set forth in the current version of the Guide for Care and Use of Laboratory Animals, National Research Council. With the exception of the microcomputed tomography (-CT) analyses, which were carried out in the Institute for Biomechanics of ETH Zurich (Zurich, Switzerland), all animal experiments were performed in the Animal Care Facility and the laboratory space of the Department of Medicine of the Loma Linda University School of Medicine.
Genotyping. Genotyping was performed on DNA isolated from tail samples using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) by PCR-based genotyping assays for the Cre recombinase, and for the loxP site as previously described (55) . Our breeding protocol yielded mice with one of six possible genotypes, i.e., Igf1
Ϫ . Mice with the Igf1 flox/flox /Dmp1 ϩ genotype were the homozygous conditional KO mice (55) . Littermate mice with a genotype negative for loxP regardless of whether or not they were positive for the Cre recombinase (i.e., Igf1 Ϫ/Ϫ /Dmp1 ϩ or Dmp1 Ϫ ) were used as wild-type (WT littermates) in this study. Heterozygous mice (i.e., Igf1 flox/Ϫ /Dmp1 ϩ ) displayed no obvious phenotypes (55) and were not used in this study.
Loading experiment. Mechanical loading was applied by four-point bending on the right tibia. Because the size of the tibia of osteocyte Igf1 conditional KO mutants was significantly smaller than that of age-and sex-matched WT littermates (see Table 2 ), the loading force for each mouse strain needed to be adjusted such that an equivalent loading strain was exerted on the tibia of the conditional KO mice and WT littermates. To determine an effective loading force, various loading forces ranging from 8 to 12 Newtons (N) was applied in a pilot study to the C57BL/6J mouse tibia. The following mathematical equation [as described previously (10) ] was used to estimate the loading strain sensed by the tibia of the conditional KO mice and WT littermates to determine the respective optimal loading force needed for each mouse strain to yield an equivalent optimal loading strain: mechanical strain (ε) ϭ F ϫ L ϫ C/(2 ϫ I ϫ E); where F is the loading force (in N), L is the distance between the loading parts (in mm), C is the radius of the bone (in mm, calculated from the periosteal circumference determined by pQCT), I is the moment of inertia (determined by pQCT), and E is a coefficient constant (38 Gpa) . The validity of this equation for estimating the loading strain was confirmed previously by comparing the calculated loading strain with the actual mechanical strain (determined with a strain gauge) sensed by the loaded tibia of C57BL/6J mice and by those of leptin-deficient ob Ϫ /ob Ϫ mice, using several loading forces (20) . For the majority of the loading experiments, a loading force of 9.1 N and 10.9 N was used for osteocyte Igf1 conditional KO mice and WT littermates, respectively. The medial-lateral loading controlled by the device of Instron (Norwood, MA) and WaveMatrix software (v. 1.3) was applied to the right tibia as described previously (1) . The contralateral left tibia served as the respective internal unloaded control. The loading regimen consisted of 2 Hz of loading frequency, 36 cycles per day, and 6 continuous days a week for 2 wk separated by a 1-day rest. One day after the final loading (day 15), mice were euthanized, and both the loaded and the contralateral unloaded tibias were collected. For pQCT, -CT, or histomorphometry analyses, the bones were fixed in 10% formalin and stored in phosphate-buffered saline until analysis. For gene expression or Western analyses, the bones were immediately frozen in liquid nitrogen, pulverized, and stored in aliquots at Ϫ80°C until assay.
-CT analysis. The -CT analysis of basal bone parameters of tibia of Igf1 conditional KO mice and WT littermates was performed at the Institute for Biomechanics of ETH Zurich in Switzerland, using a Desktop Cone-Beam Micro-CT Scanner (CT 40; Scanco Medical, Bassersdorf, Switzerland), as previously described (31, 37) . Very briefly, isolated tibia of adolescent mice aged 7 wk was first fixed in 10% formalin. We used the CT40 to scan the tibia at a resolution of 10 m. Images of three repeated measurements at each tomography projection were acquired at 55 kVp X-ray energy and 100 ms integration time. Our decision to use an energy setting of 55 kVp for the -CT scans was based on previous knowledge that such energy was sufficient for scanning small tibias and/or femurs of young adolescent (7-wk-old) mice, in which the bone mineral density was not very high (8, 30, 31, 37) . We chose to use mg HA/cm 3 rather than the gray levels (on the scale of 1 to 1,000) as the threshold unit, because this unit directly reflects bone mineral density (BMD). BMD is a standard calibration parameter, whereas the gray level can vary from one machine to another. Thus, the use of BMD-related units may allow direct comparison of results acquired with different -CT machines. In this regard, a phantom for calibrating the CT values was used to transform the gray levels into mg HA/cm 3 . The threshold was set at 315, 370, and 180 mg HA/cm 3 for total, cortical, and trabecular bone compartments, respectively.
For the cortical bone compartment, three different regions (1 mm in thickness each) corresponding to 25, 50, and 75% of the full tibia length (Fig. 1) were initially evaluated as previously described (31, 37) . Only the cortical bone parameters at the 75% region were reported, since major significant differences between the conditional KO mice and WT littermates were detected at this site. For the trabecular compartment, a region of 0.8 mm in thickness at 10% of the full tibia length located proximal was analyzed as shown in Fig. 1 .
pQCT analysis. The loaded and corresponding unloaded formalinfixed tibias were analyzed by pQCT to monitor loading-reduced changes in bone size, bone mineral contents (BMC), and BMD. The external and internal thresholds of 180 and 710 mg/cm 3 , respectively, were used to distinguish the newly formed woven bone from the existing cortical bone. Four different scans on the loading zone per tibia with a distance of 0.5 mm apart were analyzed by the pQCT (STRATEC XCT 960M) with the software program (v. 6.00) provided by the manufacturer (Norland Medical Systems, Ft. Akinson, WI). The averages of the values of the four scans per specimen were reported.
Dynamic bone histomorphometry. Tetracycline and demeclocycline were injected into animals on 10 and 2 days, respectively, prior to euthanasia for determination of dynamic bone formation parameters as previously described (54) . Very briefly, the formalin-fixed bone was dehydrated in ethanol and embedded into methylmethacrylate (MMA). The cross-sections of the peak response zone marked by a pencil, 80 -100 m in thickness, were prepared by Precision Diamond Wire Saw (Delaware Diamond Knives, Wilmington, DE) and coverslipped in 70% glycerol for the dynamic bone formation rate measurements. Quantitative measurements were obtained with an Olympus fluorescent microscope BX51 (Tokyo, Japan) and the Osteomeasure digitalized system (OsteoMetrics, GA).
Quantitative real-time PCR. The loaded region of the tibia and corresponding region of the unloaded contralateral tibia, obtained 1 day after the final loading, were each pulverized under liquid nitrogen and stored at Ϫ80°C until use. Total RNA was extracted using a commercial RNeasy minikit (Qiagen, Valencia, CA). The quality of RNA was assessed by an Agilent 2100 Bioanalyzer and Agilent 2100 Expert Software (Santa Clara, CA). Total RNA was immediately reverse-transcribed into cDNA using a commercial kit (Invitrogen). The SYBR Green-based qPCR reaction was performed using an ABI 7500/7500 Fast Real Time PCR System (Applied Biosystems, Foster City, CA) with a commercial kit (Applied Biosystems). Each gene per sample was run in duplicate according to the standard protocol provided by ABI. The sequence of the PCR primer set of each test gene is shown in Table 1 .
Western blotting. Cytoplasmic protein was extracted from bone powder extracts of the loaded and corresponding zone of each contralateral unloaded tibia with a NE-PER Nuclear and Cytoplasmic Extraction Reagent kit (Thermo Scientific, Los Angeles, CA). The protein concentration was determined with a BCA assay kit (Thermo Scientific). A total of 40 -50 g of extracted cellular protein per sample was analyzed by Western analyses. Anti-phosphorylated Erk1/2 (pErk1/2) and anti-total Erk1/2 antibodies were purchased from the Santa Cruz Biotechnologies (Santa Cruz, CA). Anti-mouse ␤-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO), and anti-mouse ␤-catenin antibody was purchased from the BD Biosciences (San Jose, CA). The secondary antibodies were purchased from Li-Cor Biosciences (Lincoln, NE). The images of protein bands were acquired and quantified with the Odyssey Infrad Rad detection system (Li-Cor Biosciences).
Statistical analysis. Results are shown as means Ϯ SE. Statistical significance was determined by two-tailed Student's t-test. Dose response was analyzed by one-way ANOVA. A difference was considered significant when P Ͻ 0.05.
RESULTS

Effects of conditional disruption of Igf1 gene in osteocytes on bone size and cortical bone parameters of the tibia.
Our osteocyte Igf1 conditional KO mice were generated by cross-breeding Dmp1-Cre transgenic mice with Igf1 floxed mice, and the basal bone characteristics of these conditional mutants have recently been reported (55) . Histological and pQCT analyses indicated that the bone size of femurs of osteocyte Igf1 conditional KO mutants was smaller than that of corresponding WT littermates (55) . To confirm that the tibia size of the conditional KO mice was also smaller than that of WT littermates, we compared the -CT measurements of total cross-sectional area, cortical bone area, and cortical thickness of tibia of 7-wk-old male WT with those of tibia of the age-and sex-matched KO mutants ( Table 2) . Each of the bone size parameters in tibia of the conditional KO tibia was significantly smaller than that of WT littermates. Consistent with previous findings in the femur (55), there were no significant differences in cortical or trabecular BMD and cortical or trabecular bone volume (BV/TV) between osteocyte Igf1 conditional KO mice and WT littermates ( Table 2 ). The maximum, minimum, and polar of moment of inertia (MOI) of conditional KO tibia were each also significantly reduced by Ͼ28% (P Ͻ 0.001 for each) compared with the tibia of WT littermates ( Table 2 ). The smaller cross-sectional area and polar MOI suggest that the bone strength of the conditional KO tibia may also be less than that of tibia of WT littermates. We also compared the number of osteocytes per square millimeter of cortical bone area in tibia of the conditional KO mutants with that of WT littermates. There was no significant difference in osteocyte density in the cortical bone between the two mouse strains (Fig. 2) , indicating that conditional deletion of Igf1 in Fig. 1 . Sites of -CT measurements on mouse tibia. A: cortical bone compartment at 3 different regions of 1 mm thickness corresponding to 25, 50, and 75% of full tibia length were analyzed. B: for measurements of the trabecular compartment, a region of 0.8 mm in thickness at 10% of the full tibia length located proximal was analyzed. The 0.8 mm-thickness was the maximal thickness allowed to avoid inclusion of the growth plate. Trabecular masks were defined in a semiautomatic manner, starting from the outer mask of the tibia and applying 15 erosion cycles to ensure that no cortex was included in the measurement. 
osteocytes did not affect the osteocyte density or osteocyte apoptosis at least in the cortical bone of tibia.
Effects of deficient Igf1 expression in osteocytes on loadinginduced increases in total cross-sectional area and mineral content.
To evaluate whether conditional deletion of Igf1 gene in osteocytes would alter the osteogenic response to mechanical loading, we compared the effect of a 2-wk, four-point bending exercise regimen on periosteal bone formation in tibia of WT with that in tibia of the conditional KO mutants. Because of the difference in bone size, the load was adjusted on individual mice such that an equivalent loading strain was applied to each of the WT and conditional KO mutant mice. This loading regimen induced an increase in the total crosssectional area, periosteal woven bone area, cortical bone area, and cortical thickness in the WT littermates by 40, 48, 33, and 12%, respectively. However, the same loading regimen caused no significant changes in total cross-sectional area, periosteal woven bone area, cortical bone area, and cortical bone thickness in osteocyte Igf1 conditional KO mice (Fig. 3A) . The percent change in each of the bone size parameters of the loaded vs. the contralateral unloaded bones was significantly different between the WT and KO mice (P Ͻ 0.05 for each). Total, cortical, and periosteal woven BMC, on the other hand, were significantly increased, by 41, 36, and 66%, respectively, in the WT but not in the KO mice in response to the loading (Fig. 3B) .
To determine whether the lack of osteogenic response to loading in conditional KO mice was generalized to the entire bone, we subjected mice to four-point bending of loading on the secondary spongiosa, midpoint, and fibular junction of the tibia. As shown in Fig. 3A , left, there was a robust increase in new bone formation in the WT bone but not the KO bone on each of the three loading sites, suggesting that the lack of bone response to loading in the KO mice was generalized and seen throughout the entire tibia. To assess whether the tibia of the conditional KO mice would respond to an increased loading strain, we performed a dose-response study by examining the effects of increasing loading strain from 2,000 ε to more than 5,000 ε on the cross-sectional area (determined by pQCT) (Fig. 4) . As expected, the tibia of WT littermates responded to the increasing loading strain with a dose-response increase in the percent increase in total cross-sectional area (R ϭ 0.681, P Ͻ 0.05). Conversely, there was no significant dose-dependent effect on the total cross-sectional area in the KO mice (n ϭ 11, P Ͼ 0.05). Thus, the lack of an osteogenic response to loading in conditional KO mutants was not due to an inadequate loading strain.
Effects of conditional disruption of Igf1 in osteocytes on loadinginduced increases in histomorphometric dynamic bone formation parameters of loaded tibia. To determine whether conditional disruption of the Igf1 gene in osteocytes would affect the lamellar trabecular bone formation process in response to loading, we applied the dynamic histomorphometry approach to quantify the bone formation rate (BFR). Because the bone size of conditional KO mice was smaller than that of WT littermates, we first sought to ensure that the aforementioned loading-induced increase in periosteal bone mass (Fig. 3) was not due to an intrinsic difference in the basal periosteal bone formation rate in conditional KO mice. As shown in Fig. 5A , the basal periosteal BFR at the tibial loading site between the conditional KO mutants and WT littermates was not different, indicating that the observed loadinginduced periosteal bone formation was not caused by a difference in basal periosteal bone formation. We then assessed the dynamic bone formation parameters on the endosteal bone surface of the cross-sections of the loaded vs. unloaded control bone (Fig. 5B) . The loading regimen significantly increased the labeled surface length (TLS), mineral apposition rate (MAR), and BFR (adjusted for bone surface) in WT mice. However, the difference in the BFR did not reach the statistically significant level, presumably due to the relatively large variation among the samples, confirming previous observations that loading also promotes lamellar bone formation (51, 62) . On the other hand, this loading regimen did not increase the TLS, MAR, or BFR in the conditional KO mutants, indicating that the osteogenic response to loading with respect to lamellar bone formation in the osteocyte Igf1 conditional KO mice is also defective. Values are means Ϯ SE; n ϭ 7. MOI, moment of inertia; BMD, bone mineral density. *By two-tailed Student's t-test.
Fig. 2. Comparison of osteocyte density in cortex of tibia between conditional
Igf1 KO and age-and sex-matched WT mice. The number of osteocytes per mm 2 of the cortical bone area was determined on thin, longitudinally cut sections (n ϭ 6 -7) and stained with H&E. The number of ostecytes was counted over a total cortical area of 0.23 mm 2 per specimen.
Effects of conditional Igf1 disruption in osteocytes on loading-induced increases in relative expression levels of osteogenic and mechanoresponsive genes at the loaded site of the tibia. To investigate the potential mechanism(s) responsible for the lack of an osteogenic effect to loading in osteocyte Igf1 conditional KO mice, we compared the relative expression levels of several known osteogenic and mechanoresponsive genes in the loaded vs. the contralateral unloaded bone 1 day after the final loading by qPCR. As shown in Fig. 6 , top right, the loading regimen increased the mRNA level of the two bone formation genes, i.e., Cbfa1 and osteocalcin (Ocn) by one-and fourfold (P Ͻ 0.05 for each), respectively, in the bone of WT mice at the loading site, a finding that is consistent with an increase in osteogenic response to loading. Conversely, there was no significant increase in the mRNA levels of these two osteogenic genes in the bone of conditional KO mutants at the loading site. As in other studies (16, 41, 44) , the expressions of the known early mechanoresponsive genes, i.e., Cox-2, Igf1, and c-Fos, in the bone at the loading site of WT mice were significantly upregulated by the loading regimen (Fig. 6, top  left) , in that the expressions of Cox-2, Igf1, and c-Fos were each increased 39-(P Ͻ 0.001), 1.5-(P Ͻ 0.05), and 4.5-fold (P Ͻ 0.05), respectively. In contrast, the loading yielded only very minimal increase in the Cox-2 mRNA (5-fold, P Ͻ 0.05) but not in Igf1 or c-Fos mRNA (P Ͼ 0.05 for each) at the loaded bone site of conditional KO mutant mice.
Effects of deficient Igf1 expression in osteocytes on loadinginduced upregulation of canonical wnt and Erk1/2 signaling at the loaded bone site. Upregulation of the canonical Wnt signaling pathway is implicated as an essential mechanism for loadinginduced bone formation (49, 50, 60) . To address whether deficient Igf1 expression in osteocytes would affect the canonical Wnt signaling, we first compared the expression levels of several key regulatory genes of the canonical Wnt signaling pathway, i.e., Wnt10b (a ligand), Sost (an inhibitor), Lrp5 (a co-receptor), Dkk1 (an inhibitor), and sFrp2 (an inhibitor), by qPCR and reported as fold of unloaded contralateral bone. The loading regimen increased the mRNA levels of Wnt10b, sFrp2, and Dkk1 in WT littermates 11-, 29-, and 2-fold, respectively, at the loading bone site compared with those at the corresponding site of the unloaded contralateral tibia. However, the same loading regimen increased the Wnt10b, sFrp2, and Dkk1 mRNA levels only 3-, 6-, and 0.5-fold, respectively, in conditional KO mutants. On the other hand, the loading exercise reduced the Sost mRNA level by 40% in WT littermates but significantly increased Sost mRNA 1.5-fold in the conditional KO mutants. Moreover, although the loading did not alter the Lrp5 mRNA level in WT mice, the mRNA level of the Lrp5 coreceptor in the loaded tibia of conditional KO mutants was reduced significantly, by 40%, in response to the loading. A consequence of an activation of canonical Wnt signaling is the suppression of ubiquitination and degradation of ␤-catenin, resulting in accumulation of ␤-catenin in the cytosol (7, 35) . Accordingly, to confirm that activation of canonical Wnt signaling is a consequence of a loading response in bone of WT mice but not in bones of osteocyte Igf1 conditional KO mice, we also measured the level of cellular ␤-catenin 1 day after the final loading by Western blotting (Fig. 7A ). It appears that the loading exercise elicited an increase (ϳ180%) in the amount of cellular ␤-catenin at the loading site of the WT mice. The increase barely missed the statistically significant level (P ϭ 0.068) because of the small sample size (two mice per group). Conversely, the loading exercise had no significant effect on the cellular ␤-catenin level in osteocyte Igf1 conditional KO mice, suggesting that whereas mechanical loading significantly upregulated the canonical Wnt signaling at the loading bone site in WT mice, this loadinginduced upregulation of the Wnt signaling response is defective in osteocyte Igf1 conditional KO mice.
The Erk1/2 signaling pathway in bone cells has been implicated as being a critical mediating mechanism for the loading-induced osteogenic response in vivo (43) and in vitro (21) . It is also well established that Erk1/2 activation is an essential component of Igf1 signaling in most if not all cell types, including osteoblasts (22, 46, 47) . Thus, we also determined whether deficient Igf1 expression in osteocytes would affect loading-induced Erk1/2 activation by measuring the levels of phosphorylated (p-) and total (t-)Erk1/2 of the loaded vs. unloaded bone of conditional KO mutants and WT littermates 1 day after the final loading (Fig. 7B ). As expected, there was an increase (ϳ150%) in the p-Erk level, normalized against the t-Erk level, in the loaded bone of WT mice compared with the corresponding contralateral unloaded bone. Because of the small sample size (n ϭ 2), the increase in WT littermates barely missed the statistically significant level (P ϭ 0.077). The loading also did not significantly affect the cellular p-Erk1/2 level in conditional KO mice, suggesting that osteocytederived IGF-I is essential for loading-induced activation of Erk1/2 signaling in the bone.
DISCUSSION
Osteocytes have been well recognized to have a critical role in the regulation of mechanical sensitivity in bone (14, 58, 59 , 
66, 67)
. IGF-I and its signaling in osteoblasts have been shown to be essential in mediating the mechanotransduction process (26) , but very little is known about the role of osteocytederived IGF-I in the regulation of the mechanical loadinginduced osteogenic response. In this report, we have presented strong in vivo evidence that osteocyte-derived IGF-I plays a crucial role in determining the mechanosensitivity of bone. Accordingly, while the age-and sex-matched WT littermates responded robustly to loading (in the form of four-point bending exercise) with significant increases in bone formation at the site of loading, osteocyte Igf1 KO mice failed to respond to the same loading with an increase in bone formation. This lack of loading-induced osteogenic response in these conditional KO mutants was substantiated by an absence of loading-induced increases in osteogenic gene expression and in histomorphometric bone formation parameters at the loading site. The absence of an osteogenic response was not due to an insufficient loading strain, since increasing the loading strain from 2,500 to ϳ5,000 ε still did not produce a significant bone formation response in conditional KO mice. Because the number of osteocytes in the cortical bone was not significantly different between conditional KO mutants and corresponding WT littermates, the inability to produce the loading-induced osteogenic response in conditional KO mutants was probably not a result of reduced numbers of osteocytes in the bone. Since mechanical loading has been implicated as one of the key determining factors of bone size in normal animals (3, 29) , that osteocyte conditional Igf1 KO mice had a significantly smaller cross-sectional area along with a lower polar moment of inertia than WT littermates are consistent with the interpretation that osteocyte Igf1 conditional KO mice have a defective osteogenic response to mechanical stimulation.
It has recently been reported that conditional disruption of the Igf1 gene in type I collagen-expressing osteoblasts also led to a drastic reduction in the osteogenic response to loading (25) . Because osteocytes, which are terminally differentiated osteoblasts, are derived from osteoblasts as they become fully entrapped by the bone matrix, it would be reasonable to assume that conditionally disrupting the Igf1 gene in osteoblasts would also lead to disruption of the Igf1 gene in osteocytes. Thus, it is not certain whether the loss of the loading-induced osteogenic response in osteoblast Igf1 conditional KO mice was due to deficient expression of Igf1 in osteoblasts and/or due to disruption of Igf1 in osteocytes. On the other hand, while osteocytes are believed to be the primary mechanosensory cells in bone, osteoblasts are clearly the predominant bone-forming cells, and osteoblast-derived IGF-I and its signaling have been demonstrated to be an essential mediator of loading-induced bone formation (20 -22, 36, 44) . Osteoblast-derived IGF-I could also contribute to the overall regulation of the loadinginduced bone formation.
It is interesting to note that the 9.6-kb Dmp1 promoter is also reported to be functionally active in a subset of osteoblasts on the bone surface of calvariae but, to a much lesser extent, in osteoblasts on the bone surface of long bones (26, 45) . We have recently shown that marrow stromal cells isolated from our conditional KO mice had an approximately twofold higher basal ALP activity than WT marrow stromal cells and that the KO marrow stromal cells failed to respond to an osteogenic stimulus (i.e., culturing osteogenic medium for 2 days) with a significant increase in ALP activity (55) . These findings raise the possibility that disruption of the Igf1 gene with the 9.6-kb Dmp1-Cre recombinase in our conditional mutants might also disrupt Igf1 expression in cells of osteoblastic populations. However, we do not favor this possibility for the following reasons. 1) IGF-I is a potent anabolic agent for osteoblasts and osteoprogenitors and is known to upregulate ALP expression in osteoblasts and osteoprogenitors. The finding that the marrow stromal cells of our conditional KO mice had an elevated, rather than reduced, basal ALP activity is inconsistent with the possibility of deficient Igf1 expression in marrow osteoprogenitor cells. 2) There is no evidence that the 9.6-kb Dmp1 promoter is active in osteoprogenitor cells. Thus, it is unlikely that osteoprogenitor cells of the conditional KO mice would be deficient in Igf1 expression. 3) Our previous study of in situ immunohistochemical staining for the IGF-I protein showed no significant difference in IGF-I immunostaining in osteoblasts on the cortical and trabecular bone surfaces in femur (55) and in tibia (unpublished observations) between our conditional KO mutants and WT littermates. And 4) the Igf1 mRNA level (determined by qPCR and normalized against cellular ␤-actin mRNA level) in isolated osteoblasts of our conditional KO mice was not different from that in isolated osteoblasts of corresponding WT littermates (⌬C T : 6.45 Ϯ 0.015 for WT vs. 6.52 Ϯ 0.025 for KO, n ϭ 4, P Ͼ 0.05). On the basis of these observations, we conclude that our conditional KO mice did not cause a significant reduction in Igf1 expression in osteoblasts on the bone surface of tibia, and that the loss of osteogenic response to mechanical loading in our conditional KO mice was most probably due to deficient Igf1 expression in osteocytes and not to deficient Igf1 expression in osteoblasts. In support of the contention that osteocyte-derived IGF-I plays a role in the bone response to loading, a previous in situ hybridization study showed that mechanical loading on bone led to a twofold upregulation of Igf1 expression in osteocytes without a significant effect on Igf1 expression in osteoblasts (32, 48) . Our findings that conditional disruption of Igf1 in osteocytes abrogated the loading-induced upregulation of Cbfa1 and Ocn (key regulators of osteoblastic bone formation) are also consistent with the possibility that the osteogenic response to loading may involve osteocyte-derived IGF-Idependent upregulation of the functional activity of osteoblasts. The mechanism for the higher basal ALP activity in conditional KO osteoprogenitor cells is not known, but it may involve osteocyte-derived IGF-I-dependent production of soluble osteogenic factors. A potential candidate for such an osteocyte-derived soluble factor is Sost. Accordingly, the basal bone Sost mRNA level in our conditional KO mice was significantly lower (by Ͼ50%, P Ͻ 0.01) than that in WT littermates. This may lead to an increase in the basal Wnt signaling in marrow mesenchymal stem cells (MSCs), thereby promoting osteogenic differentiation of MSCs. Wnt signaling is also a key regulator of MSC proliferation, and tissue nonspecific ALP is a known cell surface marker of bone marrowderived mesenchymal stem cells (56) . It is also conceivable that deficient Igf1 expression in osteocytes could increase one or more populations of marrow ALP-expressing MSCs through upregulation of Wnt signaling. Our future work will address this possibility.
The molecular mechanism by which osteocyte-derived IGF-I regulates osteoblast-mediated bone formation remains speculative. Two differences in the mechanoresponsive gene expression in response to loading between osteocyte Igf1 conditional KO mice and WT littermates may offer insights. First, conditional disruption of Igf1 in osteocytes blunted or abolished the loading-induced increase in the bone mRNA levels of three early mechanoresponsive genes, i.e., Cox2, Igf1, and c-Fos. Past studies indicated that in vivo mechanical stimulation elicited two peaks of Igf1 gene expression in bone, with the second peak being secondary to the loading-induced upregulation of Cox2 expression (6, 23, 32) . The significance of the two "peaks" of upregulation of Igf1 expression in response to mechanical stimulation is not clear. However, it has been reported that mechanical stimulation induces an immediate increase in osteocytic Igf1 expression but a 36-to 72-h delay in upregulation of osteoblastic Igf1 expression (6) . An upregulation of Cox2 expression in response to mechanical stimulation also triggered a subsequent increase in Igf1 expression in osteoblasts (23, 33) . Thus, it is conceivable that mechanical stimulation may trigger a rapid loading-induced upregulation of Igf1 expression in osteocytes that in turn leads to an increase in Cox2 expression and the subsequent Cox2-dependent upregulation of Igf1 in osteoblasts. The findings that conditional disruption of Igf1 in osteocytes blunted the loading-induced Cox2 expression and abolished the loading-induced upregulation of osteoblastic Igf1 and c-Fos gene expression support our interpretation that osteocytic IGF-I is an upstream regulator of the loading-induced expression of these early mechanoresponsive genes.
The second difference relates to the findings that the loading-induced upregulation of the canonical Wnt signaling seen in WT littermates was diminished drastically in osteocyte Igf1 conditional KO mice. This conclusion is based on four observations. First, the loading regimen increased the bone Wnt10b mRNA level in WT mice 11-fold, but it increased only 3-fold in the conditional mutant bone. Second, although the loading exercise significantly reduced the mRNA level of Sost (by 40%) in WT bones, as previously reported, the loading regimen, surprisingly, not only did not reduce but in fact significantly increased the bone Sost mRNA levels (1.5-fold) in osteocyte Igf1 conditional KO mice. Third, the loading regimen significantly reduced the expression of the Lrp5 coreceptor of the canonical Wnt signaling in conditional KO mice. Last, the loading exercise greatly increased the cellular ␤-catenin levels in cells of the loaded bone but not those of the osteocyte Igf1 conditional KO mice. Thus, our findings together support the generally accepted assumption that the canonical Wnt signaling is essential for the osteogenic response to mechanical stimulation (49, 50, 60) but also indicate that osteocyte Igf1 is a key upstream regulator of the canonical Wnt signaling. In this regard, Sost is produced and secreted by osteocytes to inhibit the Wnt signaling in osteoblasts (65) . Thus, our finding that loading not only did not reduce but markedly increased Sost expression in our conditional KO mice suggests that osteocyte-derived IGF-I is an inhibitor of Sost expression in osteocytes and that it regulates loadinginduced bone formation in part through suppression of osteocytic Sost production, which then results in the upregulation of Wnt signaling in osteoblasts and bone formation. This possibility will be investigated further in our future studies.
Two additional observations are noteworthy. First, the loading exercise also significantly increased the expression of two antagonists of the canonical Wnt signaling, sFrp2 and Dkk1, in bones of WT mice. Frp-2 inhibits Wnt signaling by binding to Wnt proteins, which then prevents it from binding to the Frizzled receptors to activate the Wnt signaling (12) . Dkk-1 inhibits canonical Wnt signaling by either binding to Lrp-5/6 coreceptor and preventing it from interacting with Wnt-Frizzled complexes or by binding to Kremen-1 or -2 and triggering the internalization of Lrp-5/6 (9, 38). The upregulation of these two antagonists in response to loading in WT mice may merely be a feedback upregulation in response to the loading-induced activation of the Wnt signaling. Since conditional disruption of osteocytic Igf1 led to reduction in expression of these two antagonists, we do not believe that the altered expression of sFrp2 and Dkk1 in our conditional KO mutants contributed to the lack of osteogenic response to loading in the KO mutants. In this regard, recent studies have implicated a versatile role beyond an inhibitor of Wnt signaling for the sFRP-2 (11, 24, 40, 63) . The second intriguing observation relates to the finding that, while loading did not significantly alter the Lrp5 coreceptor expression level in WT mice, the Lrp5 mRNA in the loaded bone of osteocyte Igf1 conditional KO mice was significantly reduced by 40%. Thus, we cannot rule out the possibility that the inability to upregulate the canonical Wnt signaling in response to mechanical loading in osteocyte Igf1 conditional KO mice may be in part through downregulation of expression of the Lrp5 coreceptor in osteoblasts. Our future work will address this possibility.
The loading exercise not only significantly increased woven bone formation in the periosteum, but it also increased lamellar bone formation in the endosteum of WT mice. Because both effects were blocked by conditional disruption of Igf1 in osteocytes, it would suggest that osteocyte-derived IGF-I is important for the endosteal lamellar bone formation as well as for the periosteal woven bone formation. There is strong evidence that the periosteal woven bone formation in response to mechanical loading is mediated through the commitment of mesenchymal stem cells into osteoblast lineage cells primarily by the Wnt signaling (4, 5) . The mechanism by which loading enhances endosteal lamellar bone formation has not been determined, but it is likely mediated through stimulation of cell proliferation and activity of existing osteoblasts by yet-to-beidentified signaling pathways. It is also possible that the endosteal lamellar bone formation is a secondary bone response to loading. Accordingly, because there was a loading-dependent increase in RANKL expression in WT mice (data not shown), an increase in endosteal lamellar bone formation could be a consequence of an increased coupled bone formation in response to increased endosteal bone resorption in response to the four-point bending of loading. In any case, the increase in endosteal lamellar bone formation was substantial, and the mechanism for this important effect of osteocyte-derived IGF-I to abolish this loading effect warrants further investigation.
On the basis of our findings, we have advanced the following model for the potential molecular mechanism by which osteocyte-derived IGF-I acts to modulate the mechanotransduction in osteoblasts (Fig. 8) . We postulate that osteocytes, upon sensing mechanical stimulation, upregulate the expression of osteocyte-derived IGF-I and/or its signaling, which exerts two immediate effects: 1) downregulating Sost expression in osteocytes and 2) upregulating Cox2 expression in osteocytes, which further suppresses osteocytic Sost expression. Our findings that disruption of Igf1 expression in osteocytes resulted in a marked reduction in Cox2 mRNA and a drastic increase in Sost mRNA at the loaded bone site (Fig. 6 ) are consistent with these speculations. Since it has been established that the secreted osteocyte-derived Sost interferes negatively with the binding of Wnt to its receptor/coreceptors (34), resulting in suppression of the canonical Wnt signaling in osteoblasts (65), we speculate that the loading-induced Sost suppression would lead to increased osteoblastic activity and bone formation. We also postulated that the osteocyte-derived IGF-I may act on the IGF-I receptor on osteoblasts to promote osteoblastic bone formation. Furthermore, we further postulate that PGE 2 , produced by the osteocyte-derived Cox-2, would act on osteoblasts to further promote bone formation. As a result, the enhanced actions of the IGF-I signaling, the Cox-2/ PGE 2 signaling, and the canonical Wnt signaling, caused by upregulation of the osteocyte-derived IGF-I in response to loading, would act synergistically to yield the observed osteogenic responses to loading. Although the molecular mechanism by which osteocyte-derived IGF-I regulates osteoblastic bone formation remains speculative, our model has merit and will form an important foundation for our future investigations.
This study has three key limitations, however. First, the gene and protein expression analyses were performed at a single time point and with a single loading strain. Thus, the time-and dose-dependent effects of the loading on the expression of these genes were not available to allow for better characterization of, and to distinguish immediate or late responses from, the accumulative response to mechanical stimuli. Second, the protein and gene expression analyses were done in bone tissues corresponding to the loading site. This design would not allow determination of the cell source of the mRNA and/or proteins. Third, and more importantly, our previous characterization of osteocyte Igf1 conditional KO mice has revealed that the 9.6-kb Dmp1 promoter, used to generate the conditional KO mutants, was not strictly specific to osteocytes in that the conditional mutant mice also exhibited ϳ60% and ϳ20% reductions of Igf1 mRNA levels in the skeletal muscle and the brain, respectively (55) . Thus, we cannot rule out the possibility that deficient expression of Igf1 in the skeletal muscle and/or in the brain may contribute to the observed absence of an osteogenic response to mechanical stimulation.
In conclusion, this study offers the first piece of in vivo evidence that osteocyte-derived IGF-I (and its signaling) is a key determinant of mechanosensitivity in bone. Accordingly, the failure of the osteogenic response to mechanical loading could in part account for the bone size phenotype of osteocyte Igf1 conditional KO mice.
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